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CarbohydrateAn electro-deposition approach was established to incorporate the gold nano-ﬂakes onto the glassy car-
bon electrode in electrochemical cells (nano-Au/GC/ECCs). Using pulsed amperometric detection (PAD)
without any gold oxidation for cleaning (non-oxidative PAD), the nano-Au/GC/ECCs were able to maintain
their activity for oxidizing of carbohydrates in a normal alkaline medium. The reproducibility of peak area
was about 2 relative standard deviation (RSD,%) for 6 consecutive injections. A dynamic range of carbo-
hydrates was obtained over a concentration range of 5–80 mg L1 and the limits of detection (LOD) were
of 2 mg L1 for fructose and lactose and 1 mg L1 for glucose and galactose. Moreover, the
nano-Au/GC/ECC using the non-oxidative PAD was able to combine with the internal standard method
for determination of lactose in fresh cow milk sample.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The amperometric detection of carbohydrates following high
performance liquid chromatographic (HPLC) separations has sev-
eral advantages over other methods [1,2]. As a result, electrochem-
ical cells (ECCs) with gold working electrode for carbohydrate
analysis are commercially available. When operating in direct cur-
rent (DC) mode, the loss of electrode activity arises. This can be
ascribed to the fouling of the electrode by the reactant or product
adsorption [3]. Thus, the pulsed amperometric detections (PADs)
have been developed. In the PAD, anodic detection (ca. 50 mV)
was alternated with oxidative and reductive cleaning steps by step-
ping the potential to a greater positive value (ca. 600 mV) and to a
more negative value (ca. 600 mV), respectively. The electrochem-
ical (EC) cleaning of adsorbed reactants or products reactivates the
gold electrodes [2–5]. Gold electrode also forms stable oxide layer
on the anodic polarization that can be fully reduced to the bare
metal during the cathodic polarization [4]. Consequently, PAD
approach normally leads to baseline drift [6]. Moreover, gold elec-
trode is susceptible to corrosion in the presence of Cl anions [7],
which were abundantly in many samples. This can deteriorate the
performance of EC cells. Therefore, decreasing the gold oxidation
in PADwithout performance loss can offer the amperometric detec-
tion some further advantages in carbohydrate analysis.By dropping an aliquot of gold(III) solution onto glassy carbon
(GC) surface and cycling in a suitable potential range after drying
the GC surface in oven, Casella et al. created a removable gold layer
in EC cell for the amperometric detection of carbohydrates [8].
When using as HPLC detector, this gold layer was, however, only
stable with mobile phase containing 1.0 lM of AuCl4.
The aims of this study are to use an electro-deposition for prepa-
ration of gold nano-ﬂake layer on the GC working electrode in EC
cell (nano-Au/GC/ECC) that is able to detect carbohydrates precisely
with a normal alkaline supporting electrolyte and based on the
nano-Au/GC/ECC for decreasing the oxidation of gold in PAD.2. Experimental
2.1. Chemical and reagents
HAuCl43H2O, ZnSO47H2O, K4[FeCN6]3H2O, NaOH, HCl and
H2SO4 were of PA-grade fromMerck (Germany). All the agents (lac-
tose monohydrate, galactose, glucose, and fructose) used in this
work were of PA-grade from Sigma–Aldrich (Singapore).
Deionized water (puriﬁed by Mili-Q, Millipore) was used through-
out all experiments. Stock standard solutions of carbohydrates (ca.
1000 mg L1) were prepared in water and stored at 4 C. Working
standard solutions were prepared in water and used in each exper-
iment. Carrez I solution was prepared by dissolving 3.60 g of
K4[FeCN6]3H2O in 100 mL of water. Carrez II solution was pre-
pared by dissolving 7.20 g of ZnSO47H2O in 100 mL of water.
Fig. 1. Current (A) and voltage (B) versus time of the Au-RD electrode in 100 mM NaOH solution. A 0.5 lg of glucose was added into CV cell at 8th cycle.
Fig. 2. Current (A) and voltage (B) versus time of the nano-Au/Au-RD electrode in 100 mM NaOH solution. A 0.5 lg of glucose was added into CV cell in 8th cycle.
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solution of 0.5 M H2SO4 and 0.05 M HCl.
2.2. Apparatus
The Waters HPLC systems (Waters, USA) consisted of a binary
pump (Waters 1525, USA), a 20 lL loop, a column oven, and anEC detector consisting of an EC ﬂow cell. The EC detector or poten-
tiostat (Waters 2465, USA) can operate in DC, pulse and scan mode.
The EC ﬂow cell is in wall-jet structure consisting of a 2 mm diam-
eter GC working electrode, an in-situ silver/silver chloride refer-
ence electrode (diameter of 2 mm) and the platinum body
counter electrode. A typical three-electrode cell consisted of a
2 mm diameter gold rotating disk working electrode, an Ag/AgCl,
Fig. 4. The SEM images of the nano-Au/GC/ECCs deposited with CAu(III) = 1.2 mM (A)
and CAu(III) = 4.8 mM (B).
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electrode.
2.3. Electrode preparations
2.3.1. Preparation of nano-Au/Au-RD electrode
The nano-gold layer on gold rotating disk (nano-Au/Au-RD)
electrode is prepared by the potentiostat operating in DC mode
and the typical three-electrode cell. Following the procedures from
previous studies [9–13], the Au-RDworking electrode was polished
with the water slurry of 0.05 lm alumina particles. The residual
polishing material was removed using ethanol and then water in
an ultrasonic bath. The Au-RDE was immersed into 1 mM HAuCl4
solution and deposition was conducted at the applied potential
of 200 mV (vs. Ag/AgCl, 3 M KCl) for 5 min. Finally the
nano-Au/Au-RD electrode was washed with water and kept in
100 mM NaOH solution until use.
2.3.2. Preparation of nano-Au/GC/ECC
The nano-Au/GC/ECC was prepared by the potentiostat operat-
ing in DC mode and the EC ﬂow cell. Before gold nano-ﬂake
(nano-Au) deposition, the electrodes are polished to a mirror sur-
face with the slurry of alumina as described above. The GC elec-
trode was conditioned in 0.5 M HCl solution by applying
potential as follows: 500 mV for 10 min and 800 mV for 1 min.
After conditioning, the obtained currents were of ca. 30 lA at
500 mV and less than 1 lA at 800 mV if the EC cell was clean.
The nano-Au deposition is performed at the potential (EP) of
200 mV for deposition time (tP) of 2.5 min. The 4.8 mM HAuCl4
solution is put in the EC cell at the ﬂow-rate (vF) of 0.5 mL min1
by a syringe pump (KDS 100, Scientiﬁc). After nano-Au deposition,
the reference electrode was polished to a mirror surface, the EC cell
was assembled with two gaskets and the working electrode was
conditioned in 50 mM NaOH solution (1.0 mL min1) by applying
potential as follows: 500 mV in 30 min and 200 mV in 2.0 min.
If the gold deposition was successful, the obtained current usually
reached to 12 lA at 500 mV after conditioning.
2.4. Electrode characterization
Cyclic voltammetric (CV) experiments were performed by the
potentiostat operating in scan mode and the nano-Au/GC/ECC or
the typical three-electrode cell with the Au-RD or the
nano-Au/Au-RD working electrode. The voltage and current versus
time data was recorded by the Empower Pro software (Waters,
USA). The surface of working electrode was ﬁrst activated in300
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Fig. 3. The SP of glucose peak versus CAu(III).100 mM NaOH solution stirred by linear potential sweep from
800 to +800 mV with scan rate of 10 mV s1. After obtaining
reproducible voltammograms, a 0.5 lg of glucose was added into
the cell to evaluate the electrode activity for the carbohydrate
oxidation.
The surface morphology of the nano-Au layers was examined by
a ﬁeld emission scanning electron microscope (FESEM), Hitachi,
S-4800, Japan. The nano-Au layer was taken out of the GC surface
of the EC cell by adhesive carbon tape before SEM photograph.2.5. Carbohydrate analysis
2.5.1. HPLC-PAD procedure
The HPLC-PAD for carbohydrates was performed on the HPLC
systemwith the column oven set at 80 C and the EC detector oper-
ating in pulse mode with the nano-Au/GC/ECC. The PAD was set as
follows: E1 at 50 mV (800 ms), E2 at 200 mV (100 ms), E3 at
400 mV (200 ms), sampling for 100 ms and time constant in 2 s.
The Aminex HPX-87C, 300  7.8 mm (Bio-Rad) column is used
for HPLC separation. The binary pump consists of channel A driving
water through the analysis column at the ﬂow rate of 0.5 mL min1
to elute the carbohydrates and the channel B putting the
post-column additive of 100 mM NaOH solution at the ﬂow-rate
of 0.5 mL min1 into the T-tubing connector between the analysis
column and the EC cell.2.5.2. Sample preparation
The sample clean-up was carried out according to AOAC 984.15.
Brieﬂy, ca. 2.0 g milk sample was accurately weighed into 100 mL
volumetric ﬂask containing 60 mL water. Then 0.5 mL carrez I
and 0.5 mL carrez II solution were added into the ﬂask, and made
up to 100 mL with water. The precipitate was ﬁltered off and the
ﬁrst 20 mL of the ﬁltrate was discarded. The ﬁltrate was diluted
20 times by water and resultant solution was ﬁltered with200
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Fig. 5. The SP of glucose peak versus tP.
Fig. 6. Current (A) and voltage (B) versus time of the nano-Au/GC/ECC in ﬂow injection manner with a 100 mM NaOH solution fed at 1.0 mL min1.
Fig. 7. Standard calibration curves of typical carbohydrates (A) and non-oxidative PAD chromatogram of 4 mg L1 lactose and 2 mg L1 of other carbohydrates (B).
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was injected on the HPX-87C column.
3. Result and discussion
3.1. The activity of nano-Au layer
For the Au-RD electrode, the negative sweep yields an oxidative
current peak that is greater than the oxidative current peak
observed at the same potential in the positive sweep when
0.5 lg of glucose was added into the cell at 8th cycle (Fig. 1).
This phenomenon was also obtained in the study of Neuburger
and Johnson [14]. Thus, the increase of the activity of gold surfacefor carbohydrate oxidation is the virtual aim of the alternation of
oxidative and reductive steps in PAD.
On the other hand, for the nano-Au/Au-RD electrode, the cur-
rent peaks of the glucose oxidations were the same in both catho-
dic and anodic process. Further, these current peaks were also
greater than those of Au-RD electrode (Fig. 2). Thus, the nano-Au
layer may possess more activity for the oxidation of glucose than
the gold mirror surface alternated with oxidative and reductive
steps.
Therefore, the alternation of oxidative and reductive steps in
PAD for raising the activity of gold surface may be replaced by
the modiﬁcation of working electrode with a nano-Au layer. This
assumption will be further clariﬁed in the following part.
18 H.D. Nguyen et al. / Analytical Chemistry Research 5 (2015) 14–203.2. The optimization of electro-deposition
For EC cell, the renewal of the nano-Au layer before each chro-
matographic run is not able though this can improve the repro-
ducibility [12]. Therefore, enhancing and preserving the activity
of the nano-Au layer are two main goals of the optimization of
the electro-deposition. The activity of the nano-Au layer involves
directly to the magnitude of the HPLC-PAD peak area of carbohy-
drate (SP) and the active preservation is illustrated by reproducibil-
ity of SP or relative standard deviation of SP (RSD,%) between
chromatographic runs.
Because of the wall-jet structure, it is really convenient and
effective if the electro-deposition for the nano-Au/GC/ECC is con-
ducted in ﬂow injection manner with the HAuCl4 solution fed into
the EC cell by a syringe pump. So that, the investigating parameters
consist of the HAuCl4 concentration (CAu(III)), the feeding ﬂow rate
(vF), the deposition potential (EP), the deposition time (tP) and tem-
perature (TP).
In our previous study [11], the electro-deposition of gold
nano-ﬂakes (nano-Au) on electrode surface of RD electrode from
HAuCl4 solution depends on the activity of electrode surface for
the reduction of HAuCl4 into nano-Au, the transferring rate of
HAuCl4 to electrode surface and the deposition time (tP). The activ-
ity of electrode surface is conducted by the deposition potential
(EP). The transferring rate of HAuCl4 is proportional to the HAuCl4
concentration (CAu(III)) and ﬂow rate of HAuCl4 solution (vF).
When optimizing electro-deposition of gold nano-ﬂakes
(nano-Au) on electrode surface of the electrochemical cell of
HPLC system, we kept the activity of electrode surface at the opti-
mal EP of 200 mV according to our previous study [11] and inves-
tigated the transferring rate of HAuCl4 to electrode surface by
changing CAu(III) while constant vF of 0.5 mL because CAu(III) affected
directly to the size of nano-Au [12]. The optimal CAu(III) is able
enough to show the optimal ratio between the reduction rate of
Au(III) on electrode surface and the transferring rate of HAuCl4 to
electrode surface. Thus, the vF is not necessary to investigate fur-
ther. After discovering the optimal CAu(III), we have optimized the
deposition time (tP).3.2.1. The concentration of HAuCl4
Amount of the nano-Au electrochemically deposited on the GC
increases with the CAu(III) and tP. To obtain the nano-Au layers with
the same amount of gold, CAu(III) and tP were varied in the opposite
directions as follows. CAu(III) was of 1.2, 2.4 and 4.8 mM corre-
sponding to tP of 10, 5 and 2.5 min. For each electro-depositionFig. 8. The PAD chromatograms of lactose in the fresh cow milk samcondition, 6 consecutive runs of HPLC-PAD using the resultant
nano-Au/GC/ECC were replicated to evaluate detector signal. In
our experiment, RSD decreased signiﬁcantly with CAu(III) while
the average of SP is nearly constant (Fig. 3). The best condition
was found with 4.8 mM HAuCl4 for 2.5 min.
There is signiﬁcant difference in the morphology of nano-Au
layer when varying the HAuCl4 concentration. Gold nano-ﬂakes
was dominant with CAu(III) = 4.8 mM (Fig. 4B) while nano-ﬂakes
and nano-particles were observed with CAu(III) = 1.2 mM (Fig. 4A).
Thus, high concentration of HAuCl4 was likely to give equal possi-
bility for all gold clusters to grow into nano-ﬂakes and only gold
nano-ﬂakes is able to maintain its activity in PAD for carbohy-
drates. In our previous study, the antioxidant efﬁciency of gold
nano-particles decreased with its size [15] as the explanation for
the stability of the gold nano-ﬂakes in PAD condition. It should
be noted that the inclination of nano-ﬂakes in Fig. 4 could be
resulted from the sample preparation for SEM photograph.
3.2.2. The deposition time
The thickness of the nano-Au layer increased with tP. When the
gold nano-ﬂakes touched to the nozzle of the cell and resisted the
feeding ﬂow, the back pressure raised immediately and the syringe
pump stopped automatically. When this phenomenon happened, it
is supposed that tP reached the maximum. With the CAu(III) of
4.8 mM, the maximum time is about 3 min. Before tP reached the
maximum, the SP and the RSD decreased slightly with tP (Fig. 5).
Thus, the longer tP was, the larger the average size of the gold
nano-ﬂakes attained. This made the nano-Au layer more stable
but the electrochemically active surface smaller, as the result of
the gold nano-ﬂakes were bigger by agglomeration with each
other.
However, at the maximal value of tP, RSD dramatically increased
while SP signiﬁcantly declined. This behavior could be derived from
the partially destroyed structure of the nano-Au layer by the high
pressure from syringe pump.
3.3. Carbohydrate detection
Cyclic voltammetry of the nano-Au/GC/ECC was measured in
ﬂow injection manner with a 100 mM NaOH solution fed at
1.0 mL min1 (Fig. 6) to study the pulsed potential waveform of
the PAD. If the E2 (oxidative cleaning step) does not exceed
200 mV, the PAD cannot oxidize nano-Au layer. This is also true
for bulk-Au/ECC [4]. In our experiments, the optimal
non-oxidative PAD had the pulsed potential waveform as follows:ple (A) and the sample spiked glucose as internal standard (B).
y = 0.491x + 0.012
R² = 0.998
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Fig. 9. Internal standard calibration curve for lactose with glucose as internal standard (A) and the PAD chromatograms of internal standard solutions (B).
H.D. Nguyen et al. / Analytical Chemistry Research 5 (2015) 14–20 19E1 = 50 mV for 800 ms, E2 = 200 mV for 100 ms, E3 = 400 mV for
200 ms.
An advantage of the nano-Au/GC/ECC is to require low poten-
tials to clean up the surface (E2 and E3 were of 200 mV and
400 mV, respectively). However, the period of detection step
had to be extended to 800 ms for eliminating capacitive current
because the electrochemically active surface of nano-Au layer
was higher than that of bulk-Au electrode [8].
With the nano-Au/GC/ECC using the non-oxidative PAD, the lin-
ear responses for carbohydrates were observed over the concentra-
tion range of 5-80 mg L1 with alkaline supporting electrolyte
(100 mM NaOH) (Fig. 7). The detection limits of sugars (corre-
sponding to S/N = 3) were of 2 mg L1 for fructose and lactose
and 1 mg L1 for glucose and galactose.
The high detection limits due to the background line with a sig-
niﬁcant drift and noise (Fig. 7B) which may be a result of the
post-column alkaline addition [16] or the rough surface of
nano-Au layer [17]. Although the nano-Au/GC/ECCs using the
non-oxidative PAD possessed the detection limits of carbohydrates
which are about 50-fold higher than previously reported results
[18], the reproducibility of peak areas was very good (RSD  2%,
n = 6) which could be a consequence of the complete elimination
of gold oxidation. Therefore, this method is suitable for food and
biological samples which contain high levels of carbohydrates
and interfering substances.3.4. Determination of lactose in fresh cow milk
Because of high levels of lactose in milk, a 100 mM NaOH solu-
tion was used as post-column additive to make the sensitivity of
carbohydrate detection lower. The adjusting of the sensitivity of
method by changing the concentration of NaOH in post-column
alkaline additive did not inﬂuence on the HPLC separation of carbo-
hydrates, as the explanation for using the post-column alkaline
additive and the Aminex HPX-87C column with water eluent.
Fresh cow milk samples contain the high contents of proteins
and other interfering substances. The HPLC analysis usually has
to follow the clean-up techniques using precipitating agents e.g.,
carrez to remove the proteins off milk samples [19–21]. By using
only carrez agents similar to Cataldi et al. [21], the non-oxidative
PAD and the nano-Au/GC/ECC were able to maintain their activity
throughout the following HPLC detection of lactose in this milk
sample. The chromatographic peak areas of lactose showed a good
reproducibility with 2% RSD for 6 consecutive injections (Fig. 8).
The reproducibility was better than that of previous publication
[21] using bulk-Au/ECC and PAD with the oxidation of gold. Thisis a convincing evidence for the usability of the nano-Au/GC/ECC
based on the non-oxidative PAD. Thus, for carbohydrate analysis,
the nano-Au/GC/ECC using the non-oxidative PAD was capable to
replace the bulk-Au/ECC using the PAD with the oxidation of gold
in order to decrease the corrosion of gold working electrode when
the samples contain the agents that are able to interact with AuOH.
According to the results of the previous study [21] and AOAC
44.1.35A (2005), the internal standard (IS)wasnecessary to improve
the precision of analysis results in the case the standard solutions
were chromatographed far away from the samples when carbohy-
drates are determined by PAD. In this work, glucose was used as IS
for determination of lactose in fresh cow milk samples.
Chromatograms of themilk sample spiked glucose (Fig. 8B) also dis-
played high reproducibility of peak areas for both lactose and glu-
cose, which were also about 2% RSD for 6 consecutive injections.
The IS calibration curve with good correlation coefﬁcient
(r2 = 0.998) was presented clearly on Fig. 9. Thus, the
nano-Au/GC/ECC using the non-oxidative PAD was successful to
combine with the IS method for quantifying lactose in fresh milk
sample. Therefore, this technique was capable to apply in batch
analysis for carbohydrates.
4. Conclusions
To our best knowledge this work is one of the ﬁrst study for
electro-deposition of the gold nano-ﬂakes onto GC electrode by
ﬂow injection manner. The nano-Au/GC/ECCs using the
non-oxidative PAD was able to maintain its activity for oxidizing
carbohydrates in normal alkaline supporting electrolyte. With the
IS method, lactose in fresh cow milk sample could be quantiﬁed
with high precision by this technique.
The signiﬁcance of our work is to decrease positive potentials to
clean up the electrode surface (E2 = 200 mV), in order to prevent EC
cells from risk when determination of sugar is performed on com-
plicated samples. Therefore, electrode modiﬁcation with nano-Au
layer and using non-oxidation PAD are signiﬁcant compliments
of electrochemical detection of sugars.
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